Abstract. Transplacental administration of methylmercury (MeHg) induces disruption of neuronal migration in the developing cerebral cortex. However, the effects of MeHg on glial progenitor migration remain unclear. To understand this, we performed double administration of MeHg and 5-bromo-2-deoxyuridine (BrdU) to neonatal rat pups on postnatal day 2 (P2), when glial cells are generated from progenitors in the subventricular zone (SVZ). Histopathological examination of a proportion of the MeHg-treated rats on P28 revealed no apparent abnormalities of cytoarchitecture or neuron count in either the primary motor or primary somatosensory cortex of the cerebrum. BrdU immunohistochemistry revealed abnormal accumulation of the labeled cells in the deeper layers of the cortices and underlying white matter of both areas, where an excessive number of astrocytes (glial fibrillary acidic protein-or S-100␤-immunolabeled cells) and oligodendrocytes (2Ј,3Ј-cyclic-nucleotide 3Ј-phosphohydrolase-labeled cells) were located. Next, to investigate the migration of individual progenitors from the forebrain SVZ of P2 neonates, we labeled them in vivo with a retrovirus encoding green fluorescent protein (GFP), following administration of MeHg, and then examined the distribution pattern of the GFP-labeled cells in the P28 cerebrum. We found that the labeled cells developed into astrocytes and oligodendrocytes and were accumulated abnormally in the lateral white matter as well as in the adjacent deeper layer of the lateral cortex and lateral side of the striatum. Thus, exposure to MeHg in the gliogenic period induced irregular distribution of glia as a consequence of abnormal migration of the postnatal progenitors.
INTRODUCTION
Methylmercury (MeHg) is a well-recognized neurotoxic agent that can affect the fetus (1, 2) . In the tragic disasters that took place at Minamata and Niigata, Japan, and subsequently in Iraq (1), many infants were exposed transplacentally to MeHg. The victims manifested cerebral-palsy-like syndromes characterized by severe mental retardation, motor dysfunction, and repeated convulsions (3) (4) (5) (6) (7) . Histopathological examination of the Japanese cases have revealed widespread neuronal degeneration in the CNS (8) (9) (10) ; in the Iraqi cases, abnormal arrangement of neurons in the cerebrum and cerebellum and diffuse white matter gliosis have been demonstrated (11, 12) . The differences between the infantile Japanese and Iraqi cases might be explained by the Japanese infants being subjected to prolonged exposure to a low dose of MeHg (8) , whereas the Iraqi infants were exposed to high levels of MeHg within a relatively restricted period of their gestation (11) . Even now, MeHg is a major environmental problem, since it accumulates in the aquatic food chain and consequently creates a risk to the human brain, especially that of the fetus (2, (13) (14) (15) (16) (17) .
It has been demonstrated that MeHg can disturb neuronal migration in experimental animals (12, (18) (19) (20) and in vitro (12, 21, 22) . In a previous study, we labeled cycling cells transplacentally with 5-bromo-2-deoxyuridine (BrdU) after administration of MeHg at the neurogenic stage and detected an abnormally widespread distribution of the BrdU-labeled neurons throughout cortical layers of offspring, indicating disruption of the inside-out pattern of neuronal migration (20) . We also induced leptomeningeal glioneuronal heterotopia and underlying cortical dysplasia in the lateral limbic area, using a single administration of a high dose of MeHg to mother rats in mid-gestation (19) .
On the other hand, the effects of MeHg on the migration of glial progenitors in the developing brain remain to be elucidated. In the rodent CNS, the majority of glial cells of the forebrain are generated in the perinatal period from progenitors in the subventricular zone (SVZ). From there, immature cells migrate widely into the gray and white matter, where they do not seem to follow insideout pattern of migration that the neuronal progenitors can take. If MeHg disturbs glial progenitor migration, certain characteristics on migration and final distribution of glial cells could be seen. To clarify the effects of MeHg on progenitor migration in the postnatal rat brain, in the present study we performed double administration of BrdU and MeHg postnatally, and furthermore we labeled cycling cells in the postnatal SVZ in vivo with a retrovirus vector encoding the cDNA for green fluorescent protein (GFP) following administration of MeHg. We then examined the distribution patterns of the labeled cells and those of astrocytes and oligodendrocytes in the cerebral cortex and white matter by both methods.
MATERIALS AND METHODS

Animals and Administration Procedures
We used Wistar albino rats for the study. The day of birth was taken as postnatal day (P) 1. We treated newborn pups with MeHg according to a method that has been described elsewhere (23, 24) . Briefly, we prepared a solution of 340 mg methylmercury chloride (MMC; 98% purity, Nakarai Tesque, Japan) and an equimolar amount of L-cysteine (170 mg, Kanto Chemical, Japan) dissolved in 50 ml of distilled water. One ml of the MMC solution was diluted with 4 ml of condensed milk. We orally administered an amount of the solution equivalent to 20 mg/kg of MeHg with a Microman pipette (Gilson Medical Electronics) to the P2 pups (n ϭ 60) delivered from 30 maternal rats. A solution of 68 mg BrdU (Sigma, St. Louis, MO) dissolved in 10 ml saline was freshly prepared and maintained at 37ЊC. We then injected an amount of the solution equivalent to 20 mg/kg BrdU intraperitoneally into the MeHg-treated pups 1 h after the administration of MMC. As a control, P2 pups (n ϭ 20) delivered from 10 other maternal rats received an injection of BrdU only. The condition of the MeHg-treated pups was observed throughout the experiment. The protocol used was approved by the University Animal Institute Care Committee.
Mercury Determination Procedure
Five MeHg-exposed rats at each of the young (P7) and adult (P28) phases were deeply anesthetized and perfused transcardially with saline for 10 min to wash out the blood. Total Hg concentrations in the cerebrum, cerebellum, brainstem, liver, and kidney were determined according to the oxygen combustion-gold amalgamation method (25, 26) using a Mercury Analyzer MV 250R (Sugiyama-gen Environmental Science, Tokyo, Japan).
Histopathological Procedures
We examined the CNS of randomly chosen MeHg-exposed pups and BrdU-treated controls on P7 and P28 (for both days, n ϭ 10 offspring from different littermates). The rats were deeply anesthetized by inhalation of diethyl ether (Wako Pure Chemical Industries, Osaka, Japan), and killed by transcardial perfusion with 4% paraformaldehyde plus 0.1% glutaraldehyde in 0.1 M phosphate buffer solution (pH 7.4). The brains were removed and immersed in the same fixative for 24 h. Coronal sections of the cerebrum were made at the level of the hippocampus-amygdala, which corresponds to Swanson's level 28 (27) . The tissues were dehydrated in a graded ethanol series and embedded in paraffin wax. Serial sections (4-m thick) were cut from the block samples and stained with either hematoxylin and eosin or Klüver-Barrera (K-B) stain. We examined the histological features of the dorsomedial and dorsolateral portions of the neocortex corresponding to the primary motor area and primary somatosensory area (27) , respectively (Fig. 1A) .
Immunohistochemical studies were performed on the paraffin-embedded sections using the avidin-biotin-peroxidase complex (ABC) method with a Vectastain ABC kit (Vector, Burlingame, CA). The chromogen for the reaction was 0.02% DAB (Wako). To detect BrdU-labeled cells, we used a monoclonal antibody against BrdU (Chemicon, Temecula, CA; diluted 1: 15,000), according to a method described elsewhere (19, 20) . We also performed immunohistochemistry using rabbit polyclonal antibodies against glial fibrillary acidic protein (GFAP; Dakopatts, Glostrup, Denmark; 1:500), and mouse monoclonal antibodies against 2Ј,3Ј-cyclic nucleotide 3Ј-phosphodiesterase (CNPase; clone 11-5B; Sigma; 1:2,000), S-100␤ (clone 2A10; IBL, Fujioka, Japan; 1:500), neuron-specific nuclear protein (NeuN; Chemicon; 1:100), rat monocytes/macrophages (clone ED-1; Serotec, Oxford, UK; 1:50), phosphorylated epitope of neurofilament (clone SMI-31; Sternberger Monoclonal Inc., Lutherville, MD; 1:1,000), and proliferating cell nuclear antigen (PCNA; clone PC10; Novocastra, Newcastle upon Tyne, UK; 1:400). We used PCNA for a marker of cycling cells rather than Ki67. Because the monoclonal antibody raised from the clone PC10 can recognize a variety of vertebrate species including rats even on the paraffin-embedded tissue, on the other hand, usage of the antibody raised from clone MIB-1 for the Ki67 is almost restricted for using human materials. For double staining of the BrdU-labeled nuclei and GFAP-labeled processes on the paraffin-embedded sections, we used Alexa Fluor 568 goat antimouse IgG and Alexa Fluor 488 goat anti-rabbit IgG (both, Molecular Probes, Eugene, OR; 1:2,000), respectively, for the secondary antibody. Immunohistochemistry for labeling radial glial fibers was performed on the floating sections of P7 cerebrum (50-m thick) that were cut on a Vibratome (Leica VT 1000S, Nussloch, Germany), as described elsewhere (28) . We used a mouse monoclonal antibody against vimentin (clone V9, Boehringer Mannheim, Indianapolis, IN; 1:20) and a rabbit polyclonal antibody against the glutamate transporter GLAST (a gift from Dr. Tanaka, Tokyo Medical and Dental University, Japan; 1:1,200). The images were viewed with the aid of a light microscope (AX80T; Olympus, Tokyo, Japan), and were captured by a digital camera (DP50; Olympus). Schematic drawings of the distribution of the immunolabeled cells were carried out on images that were transferred to a Power Macintosh G4, using Adobe Photoshop 6.0, Adobe PowerPoint 9.0, and MacDraw Pro 1.5J software.
Morphometry
The number of neurons was counted in a 820-m width (approximately 0.83 mm 2 ) of the primary motor and primary somatosensory areas (Fig. 1A) , according to a previously described method (20) . Coronal K-B-stained sections (6-m thick) were prepared from the MeHg-exposed rats and controls at P28 (for both groups: n ϭ 6). All of the K-B-stained sections were at precisely the same brain level and corresponded exactly to Swanson's level 28 (27) . Photomicrographs were taken with a digital camera (DP50) attached to the microscope, and then printed out at a magnification of ϫ185. An investigator blind to the status of the animal from which the sections had been ) of offspring exposed to MeHg and of the controls. The differences between MeHg exposed and control groups are not significant. observed counted the neurons. Statistical evaluation was performed using the unpaired Student t-test to compare the populations in both areas between the animals in the MeHg-exposed and control groups.
We also counted the numbers of cells immunolabeled with antibodies against BrdU, GFAP, and S-100␤ that were observed within the white matter of the motor area and somatosensory area of the MeHg-exposed and control groups (for both groups: n ϭ 5).
Retrovirus Injection and Tissue Preparation
To investigate the distribution of individual progenitors generated within the postnatal SVZ of the forebrain, we labeled cycling cells in vivo with a GFP-retrovirus. Concentrated GFPretrovirus stock, with titer a 5 ϫ 10 5 cfu/ml assayed with NIH3T3 cells, was produced as described previously (28, 29) . One hour after the administration of MMC, stereotactic surgery and retrovirus injection into the SVZ were performed with the aid of a microinjector/manipulator (Narishige, Tokyo, Japan), as described elsewhere (28) (29) (30) . Briefly, P2 pups were deeply anesthetized by immersion in ice-cold water, positioned in a stereotactic apparatus, and 1 l of retrovirus stock solution was injected into the forebrain SVZ on the left side using the following coordinates: 0.7 mm anterior and 1.9 mm lateral to bregma, and at a depth of 1.9 mm. The injection reproducibly placed the virus within the dorsolateral SVZ at the level of the septal nucleus and striatum. To clarify the distribution pattern and features of GFP-expressing cells, the cerebrum of the GFP-retrovirus-injected rats was examined on P28 (n ϭ 6). As a control, MMC-untreated rats on P28 (n ϭ 6) that received retrovirus injection at P2 were also prepared. The rats were transfused transcardially, as described earlier. Serial coronal sections of the cerebral hemispheres (50-m thick) were cut on a Vibratome, collected in PBS, and viewed using a microscope (Olympus, AX80T). To clarify the final fates of GFP-expressing cells, selected vibratome sections were stained immunohistochemically with SMI-31 (1:5,000) and an antibody against GFAP (1:2,000). Either Alexa Fluor 568 goat anti-mouse IgG (HϩL) or Alexa Fluor 568 goat anti-rabbit IgG (HϩL) was used as a secondary antibody (both Molecular Probes; 1:2,000). The sections were incubated with the primary and secondary antibodies in the presence of 10% normal goat serum (Sigma), 0.5% Triton X-100, and 0.05% thimerosal in PBS at 4ЊC overnight, with PBS rinses in-between. A laser-scanning confocal microscope (Olympus, FV500) equipped with either a 40ϫ or 60ϫ water immersion objective was used to visualize the spatial relationship between GFP-expressing cells and immunolabeled axons or astrocytic processes.
RESULTS
Observation of Pups and Mercury Concentration
All pups that received a single administration of MMC grew and developed without overt symptoms. The Hg concentrations in various tissues of the brain and visceral organs are summarized in the Table. In all tissues, Hg was detected and the concentrations were dramatically reduced during the course of postnatal development. This confirms that the administration procedure can induce successful transportation of Hg into the brain.
Histological Evaluation and Neuron Population
We have reported previously that consecutive administrations of MMC during the postnatal developing phases induce widespread neuronal degeneration in the brain (23, 24) . Therefore, we examined first whether the administration protocol adopted in the present study influenced the cortical cytoarchitecture and neuron population. The cortices were subdivided into layers (Fig. 1B-E) according to cellular characteristics, as described previously (20) . The primary motor cortex of the control (Fig. 1B) and MeHg-treated rats (Fig. 1C) , both on P28, exhibited the same consistent cytoarchitecture. Similarly, the cytoarchitecture of the P28 primary somatosensory cortex of the control (Fig. 1D) and MeHg-treated (Fig.  1E ) animals appeared to be the same. Furthermore, we compared the distribution pattern of the immunolabeled cells with an antibody against NeuN, a nuclear marker specific for neurons (31) , in the motor cortex of the control (Fig. 1F ) and MeHg-treated (Fig. 1G ) rats, and confirmed that there were no apparent differences between the 2 groups. Next, we compared the neuron count in both cortices between the groups (Fig. 1H) . The total population (mean Ϯ SEM) in 1 hemisphere numbered 1,733.4 Ϯ 11.2 in the motor area, 1,635.0 Ϯ 66.2 in the sensory area of the control rats, and 1,705.7 Ϯ 31.1 in the motor area and 1,568.1 Ϯ 30.5 in the sensory area of the MeHg-exposed rats. The differences in each area between groups were not statistically significant (p Ͼ 0.05). Thus, we confirmed that the administration procedure induced no apparent neuronal degeneration.
In addition, by immunohistochemistry with ED-1 and SMI-31 antibodies, we detected no significant microglial activation or axonal damage in the white matter of the MeHg-exposed rats.
Distribution of BrdU-Labeled Cells
BrdU immunohistochemistry produced many labeled cell nuclei throughout all cortical layers and the white matter with variable intensity. In the P7 cortex, we found diffuse and heavily labeled nuclei ( Fig. 2A) , and nuclei in which the labeling was coarse and granular (Fig. 2B) . The heavily labeled cells were small in number, and it was assumed that they were produced on the day the injection was given. There were many cells in which the labeling was granular, which were considered to be progeny of the primary labeled cells. On the other hand, we ignored faintly labeled cells and those in which granular labeling in the nucleus was fine (Fig. 2C) , which we considered to be successive daughter cells having passed through multiple cell cycles. Most of the labeled nuclei were smaller than the neighboring neuronal nuclei ( Fig.  2A-C) . In addition, we were able to distinguish between nuclei containing granular labeling (regarded as positive) and those that were faintly labeled (neglected) in the white matter at P7 (Fig. 2D) , as well as in the cortex (Fig. 2E ) and white matter (Fig. 2F ) at P28. No positive nuclei that were apparently neuronal were observed. Therefore, we considered that the great majority of the immunopositive nuclei were glial. We performed double immunohistochemistry for BrdU and GFAP on the P7 (Fig. 2G) and P28 (Fig. 2H) sections and found that a proportion of the BrdU-labeled nuclei were astrocytic. PCNA immunohistochemistry revealed no apparent differences in the number and topography of the immunopositive nuclei between MeHg-exposed and control animals at P7 (data not shown).
We then examined the distribution patterns of the BrdU-labeled cells (Fig. 3) . In the motor (Fig. 3A, E) and sensory (Fig. 3C, G) areas of the P7 (Fig. 3A, C) and P28 (Fig. 3E, G) controls, BrdU-labeled cells were distributed widely throughout all cortical layers and the underlying white matter. However, in the P7 MeHg-exposed offspring, the BrdU-labeled cells tended to accumulate in the white matter and deeper cortical layers (VI and V) of both the motor (Fig. 3B) and sensory (Fig. 3D) areas. The labeled cells in both areas of the P28 MeHg-exposed rats appeared to be dispersed more widely than those observed in the P7 rats, where the cells appeared throughout all cortical layers (Fig. 3F, H) . However, there was a tendency for a relatively large number of labeled cells to appear in the white matter, as compared to controls. To verify this observation, we examined the population of BrdU-labeled cells in the white matter of both groups. The numbers in the motor area and sensory area of the P7 MeHg-exposed rats were 64 and 74, respectively, whereas those of the P7 control rats were 39 and 35, respectively. Furthermore, the numbers counted in the P28 MeHg-exposed rats were 44 and 40, and those in the P28 controls were 31 and 36, respectively. Figure 3 depicts such tendency, because the number of dots represents the rough ratio in the examined sections.
We examined patterns of radial glial fibers in the cerebrum by performing immunohistochemistry on the vibratome sections using antibodies against vimentin and GLAST, both of which are regarded as markers of radial glial fibers (32, 33) . We detected many fibers crossing the white matter and cortex of the young rats, however, we failed to detect obvious abnormalities in distribution of the radial fibers in the MeHg-exposed rats, as compared to that in the controls (data not shown).
Distribution of Glial Cells
We compared the distribution patterns of astrocytes and oligodendrocytes in the MeHg-exposed and control rats on P28 by performing immunohistochemistry with antibodies against GFAP (Fig. 4) , S-100␤ (Fig. 5) , and CNPase (Fig. 6) .
In the motor cortex and underlying white matter, including the cingulum bundle of the controls, GFAP-labeled astrocytes were scattered throughout the white matter and cortex, with a tendency for a larger number of immunopositive cells to be located in the white matter (Fig. 4A) . Compared with the controls, in the MeHgexposed offspring it was apparent that a much larger number of labeled astrocytes were present in the white matter and the deeper layers (V and VI) of the cortex (Fig. 4B) . Similarly, comparing the distributions of GFAP-labeled astrocytes in the sensory areas of the control (Fig. 4C) and MeHg-exposed (Fig. 4D) animals, a larger number of astrocytes were detected in the white matter of the latter group. Immunohistochemistry for S-100␤ also demonstrated that labeled astrocytes were scattered diffusely throughout all cortical layers and in the white matter of both cortical areas of the control (Fig.  5A, C) and MeHg-exposed (Fig. 5B, D) rats. When the distribution of astrocytes in both groups was compared, it appeared that an excessive number of them were located in the white matter of the MeHg-exposed group. Next, to verify this observation, we compared number of the GFAP-labeled and S-100␤-labeled astrocytes within the white matter of both the motor and sensory areas between MeHg-exposed and control groups. Total populations (mean Ϯ SEM) of the GFAP-labeled cells in the motor area and sensory area of the MeHg-exposed rats were 119.2 Ϯ 16.1 and 103.4 Ϯ 14.0, respectively, and those of the controls were 99.6 Ϯ 8.8 and 84.0 Ϯ 6.7, respectively. The differences in each area between groups were statistically significant (p ϭ 0.044 and 0.024, respectively). Similarly, the populations of the S-100␤-labeled cells in the motor and sensory areas of the MeHgexposed group were 102.0 Ϯ 15.8 and 68.8 Ϯ 15.4, respectively, and those of the control group were 68.3 Ϯ 11.0 and 45.5 Ϯ 7.8, respectively. The differences were also significant (p ϭ 0.013 and 0.036, respectively).
Immunohistochemistry for CNPase revealed both the myelinated fibers and cytoplasm of oligodendrocytes (Fig. 6A-C) , as described previously (34) . In the cortex, fine linear fibers running radially from the white matter toward the cortical surface (Fig. 6A ) and small circular profiles corresponding to the cytoplasm of oligodendrocytes (Fig. 6B) were detected. However, in the white matter, densely packed myelinated fibers were labeled (Fig.  6C) where we could not identify individual oligodendrocytes. Therefore, we compared the distribution patterns of the labeled cells only within the cortex. In the controls, labeled oligodendrocytes were detected throughout all cortical layers (Fig. 6D, F) . In the motor cortex, they were located mainly in the deeper layers (Fig. 6D) , whereas in the sensory cortex a more diffuse distribution pattern was seen (Fig. 6F) . In the MeHg-exposed rats, there was a tendency for the labeled oligodendrocytes to be accumulated in the deeper layers of both the motor and sensory cortices (Fig. 6D, F) .
Distribution Patterns of GFP-Retrovirus-Labeled Cells
In the control rats, GFP-labeled cells were scattered diffusely in the cortex, white matter, and striatum ( Fig.  7A ): this pattern of distribution was consistent with previous observations (29) . In the MeHg-exposed rats, labeled cells were observed mainly in the lateral white matter, as well as in the adjacent deeper layers of the lateral cortex and lateral side of the striatum (Fig. 7B) . Also, it appeared that there was a particular portion of the supplementary somatosensory area (27) where many labeled cells were distributed linearly throughout the cortical layers (Fig. 7B) . All of the GFP-labeled cells could be categorized as mature glia, as judged by their morphology and immunohistochemical profile. The astrocytes displayed a typical bushy appearance with processes immunolabeled with the anti-GFAP antibody (Fig. 7C) . Myelinated oligodendrocytes extended multiple fine processes that ran parallel to axon fascicles, the latter being visualized by immunohistochemistry with an antineurofilament antibody (Fig. 7D) . No GFP-labeled cells with a neuronal morphology were observed.
DISCUSSION
In this study, the effects of MeHg on the migration of postnatal progenitors were investigated by administering MeHg on a gliogenic day, labeling the cycling cells with BrdU, or those within the SVZ by GFP-retrovirus in vivo, and then examining the final location of the labeled cells. One of the most striking findings was that the cells labeled by both methods were distributed in abnormal locations, indicating disruption of cell migration by MeHg. To our knowledge, this is the first clear demonstration that an extrinsic insult disrupts postnatal (potentially mainly glial) progenitor migration in vivo.
In the BrdU-labeling method, the diffuse and heavily labeled nuclei ( Fig. 2A) and nuclei in which the labeling was granular (Fig. 2B ) are attributed to cells produced on the day the injection was given and the progeny of the primary labeled cells, respectively. We observed a small number of the former and many of the latter nuclei in this study, consistent with the notion that postnatal progenitors have the potential to divide after they emigrate from the SVZ, which is a germinal zone. Contrary to this, in our previous study many heavily labeled neuronal nuclei were detected in the A, B) and of the primary sensory area (C, D) of P28 rats. Immunostained with anti-GFAP antibody, and then counter stained with hematoxylin. In both areas, the labeled astrocytes are scattered throughout the white matter and cortex of the controls (A, C), whereas a large number of the labeled astrocytes are seen in the white matter and deeper layers of the cortex of the MeHg-exposed rats (B, D). Scale bar: 240 m.
cortex of offspring that were treated transplacentally with BrdU in the neurogenic period (20) . In the present study, the distribution of the BrdU-labeled nuclei in the cortical areas of the MeHg-exposed P7 rats was apparently abnormal (Fig. 3B, D) . This evidence indicates that migration of the progenitors may be restricted during the course of their migratory routes and may reside within the white matter and deeper layers of the cortex. In these areas we observed a larger number of astrocytes (Figs. 4, 5) and oligodendrocytes (Fig. 6 ) than in the controls: this finding seems consistent with that hypothesis. However, this abnormal distribution pattern of the BrdU-labeled nuclei became less remarkable in the cortical areas of P28 animals (Fig. 3F, H) . This may indicate that excessive cell division and subsequent migration of the progeny may occur in MeHg-exposed rats after P7. With this in mind, we made a preliminary examination of the distribution of the cycling cells with an antibody against PCNA, but failed to detect a significant increase in the number of positive nuclei in the cortex of MeHg-exposed rats. Thus, the mechanisms underlying the compensatory redistribution of glial cells in response to the initial abnormal migration of postnatal progenitors remain unclear. A further study using other markers for detecting proliferating cells more specifically, such as MIB-5 antibody (35) recognizing rodent Ki-67 antigen, may provide information underlying this phenomenon. By the administration protocol adopted in this study, mercury concentration in the kidney was much higher than in the brain and liver (Table) . The possibility that reduced physiological functions of the kidney or other visceral organs have certain influences on progenitor migration can not be excluded. However, it seems unlikely that the present results can be considered secondary effects of visceral organ failures.
The migration pathways of glial progenitors have not been studied as much as those of neuronal progenitors, but recent studies with retrovirus labeling of SVZ cells have shown that the postnatal progenitors seem to migrate, at least to some degree, along the scaffolding of radial fibers (29, 30) . This migration pattern of glial progenitors seems to be similar to that followed by immature migrating neurons (36, 37) . Tangential migration and reversal of the migratory direction of living progenitors have also been observed in the postnatal cortex (29) . Thus, postnatal progenitors do appear to follow certain routes. Furthermore, in contrast to neurons, glial progenitors continue to divide as they migrate through the brain and siblings can be arranged in a cluster. Again, the accumulation of BrdU-labeled nuclei, as well as of astrocytes and oligodendrocytes, in the white matter and deeper layers of the cortex of the MeHg-exposed rats indicates the possibility that progenitors divide and their siblings reside in that final destination.
To obtain further information about this, we performed retrovirus labeling of progenitors within the SVZ. The retrovirus vector used is an infectious virus that transduces the reporter gene, GFP, into mitotic cells in vivo. The vector integrates a single copy of the viral genome stably into the host chromosome, and this is faithfully passed to all daughter cells of the originally infected progenitors, making it ideal for lineage analysis. Having detected such an abnormal accumulation of glia, we speculated that the retrovirus-labeled siblings would be located mainly within the white matter and deeper layers of the cortex of the MeHg-exposed rats; however, the GFP-expressing glia were dispersed in the lateral white matter and its adjacent gray matter (Fig.  7) . This distribution pattern does not fully coincide with that of the BrdU-labeled nuclei. It seems highly unlikely that differences of the examined slice levels (Swanson's level 28 for BrdU immunohistochemistry and more anterior sections for detection of GFP-expressing cells) would have influenced these results. Rather, methodological differences may reveal different features of abnormal migration: BrdU can be incorporated into cells widely in the brain, whereas stereotactic microinjection of the retrovirus labels individual progenitors within the area injected. The distribution of the retrovirus-labeled cells seems to indicate that the progenitors migrated laterally through the white matter and did not travel radially to the dorsal side of the cortex. The final fates of the GFP retrovirus-infected cells appeared to be identical to those observed in previous retroviral studies with this vector (29) and a ␤-galactosidase reporter (30, 38) , indicating that MeHg does not alter the fate of progenitors.
There is some speculation as to the effects of MeHg on radial glial cells following a study using organotypic cultures of the developing human fetal cerebrum (12) . It seems plausible that alterations to radial glial fibers result in disturbance of the migration pattern of progenitors, because it has been suggested that disruption of the organization of radial glia is responsible for some of the neuronal migration abnormalities observed in human cases with periventricular heterotopia (39) and neocortical tubers (40) , as well as in experimental rats in which neuronal migration disturbance has been induced by transplacental exposure to alcohol (41) . However, an immunohistochemical study with vimentin and GLAST antibodies disclosed no obvious alterations in morphology of the radial fibers visualized in the cerebrum of the MeHg-exposed rats. On the other hand, the effects of MeHg on microtubules have been observed in variable cell types in vitro (12, 42) . In migrating neurons, highly polarized microtubular assemblies in the leading process are essential for movement (43) . Further studies will be needed to elucidate the changes of microtubules in the migrating progenitors and molecular alterations on radial glial fibers resulting from the administration of MeHg.
In humans and other animals, MeHg passes readily to the fetus through the placenta (12, 44, 45) . In human development, the gliogenic period corresponds to the late stage of intrauterine life. In autopsied Iraqi infants who were considered to have been exposed to MeHg for approximately 10 weeks of their intrauterine life during the second and third months of gestation, a large number of astrocytes in the cerebral and cerebellar white matter were observed (11) . This was considered attributable to a particular destructive insult to the white matter. Considering the accumulation of glia in the white matter in the present study, it may be that MeHg exposure in the gliogenic period induces a significant increase in number of astrocytes in the white matter. In the present study, the distribution patterns of astrocytes immunolabeled with either anti-GFAP (Fig. 4) or anti-S-100␤ (Fig. 5) antibody seem somewhat different, but a much larger number of labeled astrocytes were observed in the white matter as compared to controls. Postnatal expression of GFAP and S-100␤, a major cytoskeletal protein and a soluble calcium-binding protein, respectively, has been studied in the visual cortex of the cat (46) and monkey (47) : changes in the expression of these proteins may reflect the time course of astrocytic maturation. It seems unlikely that the increase in the number of astrocytes reflects the degeneration of neuronal cell bodies or axons, because we have detected no features of neuronal degeneration in the cortices (Fig. 1) , no apparent axonal damage in the white matter, or no significant microglial activation in the cerebrum.
In humans, MeHg can be absorbed from food and the effects of prenatal exposure to MeHg on human neurodevelopment represent an important issue for public health (1, 13) . A large series of cohort studies of children from the Seychelles and the Faroe Islands have indicated that various neuropsychological deficits might be associated with intrauterine exposure to MeHg, although the findings have not been consistent (48) (49) (50) . Migration abnormalities involving either young neurons or glial progenitors in the developing brain might be the origin of, or at least influence, some clinical manifestations, or may affect the development of higher brain functions.
